Cetuximab in combination with an irinotecan-containing regimen is a standard treatment in patients with KRAS wild-type (KRAS WT), metastatic colorectal cancer (mCRC). We investigated the addition of the oral MET inhibitor tivantinib to cetuximab 1 irinotecan (CETIRI) based on preclinical evidence that activation of the MET pathway may confer resistance to anti-EGFR therapy. Previously treated patients with KRAS WT advanced or mCRC were enrolled. The phase 1, open-label 3 1 3, doseescalation study evaluated the safety and maximally tolerated dose of tivantinib plus CETIRI. The phase 2, randomized, double-blinded, placebo-controlled study of biweekly CETIRI plus tivantinib or placebo was restricted to patients who had
received only one prior line of chemotherapy. The phase 2 primary endpoint was progression-free survival (PFS). The recommended phase 2 dose was tivantinib (360 mg/m 2 twice daily) with biweekly cetuximab (500 mg/m 2 ) and irinotecan (180 mg/m 2 ). Among 117 patients evaluable for phase 2 analysis, no statistically significant PFS difference was observed: 8.3 months on tivantinib vs. 7.3 months on placebo (HR, 0.85; 95% confidence interval, 0.55-1.33; P 5 0.38). Subgroup analyses trended in favor of tivantinib in patients with MET-High tumors by immunohistochemistry, PTEN-Low tumors, or those pretreated with oxaliplatin, but subgroups were too small to draw conclusions. Neutropenia, diarrhea, nausea and rash were the most frequent severe adverse events in tivantinib-treated patients. The combination of tivantinib and CETIRI was well tolerated but did not significantly improve PFS in previously treated KRAS WT mCRC. Tivantinib may be more active in specific subgroups.
Although management of advanced, unresectable or metastatic colorectal cancer (mCRC) has improved over the past decade, the prognosis for patients with mCRC remains poor, with an expected 5-year overall survival (OS) rate of 13%, and median OS of <3 years. [1] [2] [3] Chemotherapy commonly consists of 5-fluorouracil (5-FU) and leucovorin combined with oxaliplatin or irinotecan. 2, 4 Monoclonal antibodies against the epidermal growth factor receptor (EGFR), cetuximab and panitumumab, improve OS in selected patients with mCRC, as either single agents or combination therapy. [5] [6] [7] Both are approved in combination with chemotherapy for the first-line treatment of patients with KRAS wild-type mCRC. [8] [9] [10] Possible mechanisms of resistance to EGFR-targeted therapy in colorectal cancer (CRC) include activation and/or mutation of downstream effectors such as KRAS, 11, 12 as shown by multiple studies. [13] [14] [15] [16] [17] In addition, activation of parallel pathways such as those involving the MNNG HOS transforming gene (MET) receptor tyrosine kinase has been observed. [18] [19] [20] [21] Hepatocyte growth factor (HGF) and MET are often co-expressed in the CRC microenvironment, and high expression is associated with metastatic disease and poor prognosis. [22] [23] [24] [25] Substantial activation of the HGF/MET pathway also leads to scattering and invasion of cancer cells and is inversely correlated with PTEN expression. [25] [26] [27] [28] Inhibition of the MET pathway has been shown to reduce migration and invasion of human colorectal cancer cells in vitro, and this effect was associated with attenuated activation of the EGFR, MET and downstream MAPK and PI3K/AKT/mTOR signaling pathways. 29 In patients with solid tumors being treated with tivantinib (n 5 15), inhibition of MET signaling was observed at all tested doses, and serial biopsies before and during treatment showed a significant association between treatment with tivantinib and a decrease in total MET and phosphorylated MET (P50.041). 30 Tivantinib (ARQ 197), a selective, oral inhibitor of MET, has been evaluated as a single agent and in combinations in solid tumors, including mCRC. 31 The recommended phase 2 dose of tivantinib in combination with cetuximab plus irinotecan (CETIRI) was evaluated, and the randomized phase 2 portion evaluated the clinical benefit of adding tivantinib (360 mg twice daily [BID] ) to CETIRI as second-line therapy in patients with KRAS wild-type mCRC.
Methods

Patients
Eligible patients were required to have histologically confirmed, unresectable, locally advanced or metastatic, KRAS wild-type CRC. Unlimited prior therapies were allowed in the phase 1 portion; in phase 2, patients were only allowed to receive one prior line of chemotherapy, including an irinotecan-based regimen but not an EGFR inhibitor. Adjuvant chemotherapy was allowed to be counted as a line of therapy if disease progression/recurrence had occurred 6 months after completing treatment.
Patients were required to be 18 years of age, have measurable disease by Response Evaluation Criteria In Solid Tumors (RECIST) version 1.1, adequate organ and bone marrow function, resolution of any toxic effects of prior therapy (except alopecia) and Eastern Cooperative Oncology Group (ECOG) performance status of 0-1. All institutional review boards approved the protocol (Clinical Trials.gov identifier, NCT01075048), and all participants provided written informed consent.
Study design and treatment
This phase 1/2 study accrued patients from January 2010 to January 2012. The phase 1 portion was an open-label, classic 3 1 3 dose-escalation study to evaluate the safety of BID tivantinib in combination with CETIRI (biweekly schedule). The recommended phase 2 dose (RP2D) of tivantinib was determined based on protocol-specified dose-limiting toxicities (DLT). Dose escalation would occur if none of three treated patients experienced a tivantinib-related DLT by Day 29.
The phase 2 portion was a randomized, double-blinded, placebo-controlled study to assess the efficacy and safety of tivantinib in combination with CETIRI. Patients were stratified according to best tumor response to first-line therapy and ECOG performance status and were randomly assigned 1:1 (Interactive Web Response System, code generated by independent biostatistician) to receive either CETIRI plus tivantinib or CETIRI plus placebo (Interactive Voice Response System for study drug). Oral BID tivantinib (360 mg, capsule formulation) or placebo was taken with meals. Every 14 days of a 28-day cycle, cetuximab (500 mg/m 2 ) was administered intravenously (IV) followed by oral tivantinib or placebo and IV irinotecan (180 mg/m 2 ).
Endpoints and assessments
The primary efficacy endpoint for the phase 2 study was investigator-assessed progression-free survival (PFS). Secondary endpoints included OS, best overall response and objective response rate (ORR). Tumor assessments per RECIST version 1.1 with computed tomography (CT) of the chest and CT and/or magnetic resonance imaging (MRI) of the abdomen/pelvis were performed every two treatment cycles (every 8 weeks, 63 days) and at the end of the treatment visit (EOT; 30 days after last dose, 67 days).
Safety analyses in patients who received at least one dose of study drug included extent of exposure, adverse events (AEs), laboratory tests, vital signs and physical examination. AEs were coded using the Medical Dictionary for Regulatory Activities (MedDRA) version 13.0 and assigned grades based on National Cancer Institute (NCI) Common Toxicity Criteria for Adverse Events (CTCAE), version 4.0.
Additional exploratory analyses included health-related quality of life (HRQOL), pharmacokinetics (PK) and biomarkers. Patients' HRQOL was assessed using the Functional Assessment of Cancer Therapy-Colorectal (FACT-C) questionnaire. Patients completed the questionnaire at screening and Day 1 of every other cycle, at the EOT visit and the follow-up visit.
Archival tumor tissue samples, fresh core-needle biopsy, or fine-needle aspirates were collected at screening for biomarker assessments. Collected formalin-fixed, paraffin-embedded samples were evaluated for total MET and PTEN expression by immunohistochemistry (IHC). Expression of MET was evaluated by a CLIA-certified central laboratory using the CON-FIRM TM anti-total MET (SP44) antibody (Ventana; Roche) and adjudicated by three pathologists. MET-High samples were defined as a 21 score in 50% of tumor tissue. Plasma samples were collected on Day 1 of each cycle until Cycle 12, on first documentation of response, and at EOT. Samples were analyzed by a central laboratory for changes in HGF (Quantikine Human HGF assay; high levels were defined by median, 1,415.9 pg/mL), vascular endothelial growth factor (VEGF; enzyme immunoassay), soluble MET (enzyme immunoassay) and soluble VEGF receptor (enzyme immunoassay).
Statistical analysis
PFS was analyzed in all evaluable patients who were randomized in phase 2, received at least one dose of study drug, and had at least one efficacy assessment. As a sensitivity analysis, PFS was also analyzed in the per-protocol analysis set, which excluded patients with major protocol deviations. Betweengroup comparisons of PFS were based on the stratified logrank test. Median PFS, OS and hazard ratios (HR) between the treatment groups were estimated by the Kaplan-Meier method along with 95% confidence intervals (CIs). Assessment of HRQOL permitted imputation of missing responses. Discrete variables were compared using Fisher's exact test, and continuous and ordinal categorical variables were compared using the Wilcoxon rank-sum test.
The phase 2 study had a planned sample size of 150 patients, with 134 evaluable patients (assuming a 10% dropout rate). Assumptions included a median PFS of 4.1 months in the placebo group (based on historical data from the BOND trial in previously treated patients who received irinotecan plus anti-EGFR therapy) 7 and a 50% improvement (i.e., HR of 0.667) in PFS with tivantinib, thus requiring 110 events to yield 80% power to detect a 50% improvement in median PFS at a significance level of 0.10 (one-sided) by the log-rank test. The phase 2 study was amended to an enrollment of 122 patients because of a slow enrollment rate. Eighty events were then required to yield 70% power to detect a 50% improvement in median PFS at a significance level of 0.10 (one-sided). The final analysis was to be conducted when the required number of events was observed. All reported P values are two-sided.
Results
Overall, 131 patients were enrolled in the phase 1 (n 5 9) and phase 2 (n 5 122) portions of the study. In the phase 1 portion, each of the three tivantinib doses (120, 240 or 360 mg BID) was received by three patients. No DLTs were observed, and the RP2D of tivantinib in this combination was 360 mg BID. During the phase 2 portion, 122 patients were randomly assigned to CETIRI plus tivantinib or CETIRI plus placebo ( Fig. 1) : 62 received tivantinib and 59 received placebo (one patient randomized to placebo did not receive study medication). A total of 117 (96%) patients (tivantinib, n 5 60 and placebo, n 5 57) were evaluable for efficacy. Median follow-up was 15.9 months for the PFS analysis and Objective response rate. During the phase 1 portion, the ORR (complete and partial responses) was 44% (n 5 4). One patient had a complete response, and among the three patients with a partial response, one patient, who had previously progressed on irinotecan and cetuximab, had a long-lasting partial response (401 days). In phase 2, the ORR was 45% in the tivantinib group compared with 33% in the placebo group (P 5 0.14) ( (Table 3) . In a post hoc exploratory analysis of patients who received first-line oxaliplatin-based chemotherapy, tivantinib (n 5 47) was associated with improvements in both PFS (Supporting Information Fig. 1A ) and OS (Supporting Information Fig.  1B ) compared with placebo (n 5 48). In this subgroup, ORR was 42.6 vs. 27.1%, respectively, and median OS was 22.3 vs. 14.1 months, respectively (HR, 0.58; P 5 0.06).
Safety
In the phase 1 portion, there were no DLTs. In the phase 2 portion, the most common reasons for treatment discontinuation ( Fig. 1) were disease progression (54.8% tivantinib vs. 46.7% placebo) and AEs (19.4% tivantinib vs. 10.0% placebo). Discontinuation because of a drug-related AE was reported in two patients (3.2%) in the tivantinib group and four patients (6.8%) in the placebo group. The average total daily tivantinib exposure was approximately 690 mg (mean duration, 29.7 weeks or 7.4 cycles) compared with placebo exposure of approximately 643 mg (mean duration, 25.4 weeks or 6.4 cycles). The median duration and treatment intensity of CETIRI were similar in the tivantinib and placebo groups.
In the phase 2 portion of the study, the most common AEs (all grades) were rash and diarrhea, and the incidence was similar in the two treatment groups (Table 4) . Infections occurred more frequently in the tivantinib group (50%) than in the placebo group (37%). Likewise, cardiac disorders, such as atrial fibrillation and bradycardia, (mostly grade 1/2) occurred more frequently in the tivantinib group (16 vs. 7%); one grade 3 event was reported in each treatment group. The most common grade 3/4 AEs in the tivantinib and placebo groups were neutropenia (19 and 10%, respectively), diarrhea (13 and 9%, respectively), nausea (10 and 7%, respectively) and rash (8% in each group).
A similar proportion of patients in the tivantinib and placebo groups had drug-related AEs: 45 patients (72.6%) and 41 patients (69.5%), respectively. The most frequently reported drug-related AEs (all grades) were fatigue, nausea (44% each); and neutropenia, vomiting, rash (22% each). Drug-related grade 4 AEs were reported for one patient (1.6%) on tivantinib and three patients (5.1%) on placebo. Serious AEs (SAEs) were reported in three patients (4.8%) on tivantinib, including dehydration and neutropenia, nail disorder/onychalgia and febrile neutropenia and vomiting. Two patients experienced SAEs related only to irinotecan (neutropenia and anemia). In the placebo group, one patient (1.7%) experienced a drug-related SAE (urinary tract infection). A similar proportion of patients had treatment-emergent AEs leading to death in the tivantinib (6.5%; n 5 4) and placebo groups (5.1%; n 5 3). No death was considered study-drug related.
Health-related quality of life A summary of baseline FACT-C scores and change from baseline to Cycle 3 or EOT by treatment group is shown in Supporting Information Table 1 . Similar changes in mean FACT-C scores from baseline to Cycle 3 Day 1 and EOT were observed in both treatment groups.
Exploratory biomarker analysis
Mean decreases from baseline in serum MET and HGF and mean increases from baseline in serum VEGF were observed at the EOT assessment in both treatment groups.
Discussion
Recent evidence indicates the MET signaling pathway may play an important role in CRC growth and metastasis, 26, 32, 33 is associated with more advanced metastatic disease and tumor stage, 34, 35 and may mediate resistance to EGFR inhibitors. 36, 37 Dual MET and EGFR blockade could potentially provide more durable clinical benefit in mCRC, which led to the investigation of new MET-targeting agents, including tivantinib. Preclinical findings suggest that tivantinib may also affect the cytoskeleton, and recent studies show this may happen via MET and paxillin inhibition. [38] [39] [40] [41] However, tivantinib is being developed as a MET inhibitor based on crystallographic binding data.
Enrollment in the randomized, phase 2 portion of this study was reduced from the originally planned 150 patients to 122 patients, and the PFS primary endpoint was not met. Nevertheless, tivantinib in combination with CETIRI did demonstrate potential clinical activity in subgroups of patients. All of these subgroup analyses are exploratory and the subgroups are small; therefore, the results should be interpreted with caution. These exploratory subgroup analyses indicated a potential benefit associated with tivantinib in patients whose tumor was METHigh or PTEN-Low or in patients who received prior oxaliplatin-based chemotherapy. Among patients with METHigh tumors, tivantinib was associated with a trend toward improved ORR, PFS and OS. The observation of improved PFS in patients with MET-Low tumors, despite no improvement in ORR or OS and no other clinical evidence to support these results, suggests that the sample size may be too small to provide definitive information. In contrast, the observed outcomes among patients with MET-High tumors are consistent with data from two multicenter, double-blinded, randomized, placebo-controlled studies in patients with advanced hepatocellular carcinoma (HCC) and nonsquamous nonsmall cell lung cancer (NSCLC) that demonstrated significant PFS and OS benefits associated with tivantinib in patients with MET-High tumors but no benefit in those with MET-Low tumors. 42, 43 Moreover, in a randomized, double-blinded, placebo-controlled study in metastatic castration-resistant prostate cancer (expressing high MET levels), tivantinib conferred a statistically significant PFS benefit compared with placebo. 44 These data suggest that MET expression may be predictive of benefit across tumor types. The implications of the results in patients with PTENLow tumors are unclear because recent studies in patients with colorectal cancer receiving cetuximab-based therapy have yielded conflicting results regarding the influence of PTEN status on PFS or OS. [45] [46] [47] However, a recent meta-analysis suggested that nonfunctional PTEN predicts resistance to anti-EGFR therapies such as cetixumab 48 ; theoretically, a MET inhibitor may overcome that resistance. 18, 19, 49 Indeed, clinical evidence from a phase 2 study in nonsmall cell lung cancer suggests that patients who progressed on erlotinib can achieve an objective response to subsequent treatment with erlotinib plus tivantinib. 50 The safety profile of tivantinib in combination with CETIRI in patients with mCRC was consistent with previous studies of tivantinib monotherapy and combination regimens in other tumor types. 31, [50] [51] [52] [53] [54] Similar to the current study, the most common AEs reported with the combination of tivantinib and another EGFR inhibitor were rash, fatigue, nausea and diarrhea, while no peripheral neurotoxicity was observed. 50, 52 Severe AEs included neutropenia, and although the literature indicates a critical role of MET in the maturation of bone marrow progenitors, the mechanism for tivantinib-associated neutropenia has not been studied.
Limitations of this study should be addressed in future clinical trials. The study was not powered to detect OS differences. Consequently, the estimated 30% reduction in risk of death with addition of tivantinib did not reach statistical significance. Additional RAS testing should be conducted in these tumors; the presence of rare RAS mutations can confer resistance to EGFR inhibitors. 55, 56 Finally, adequate tissue samples for evaluation of MET expression were only available from 67 patients (55%) in phase 2. Evidence suggests that MET overexpression is a later event in tumor growth/metastasis; therefore, MET may be a predictive biomarker in advanced disease. 36, 57 A repeat biopsy at disease progression would identify changes in the pathways of interest and provide information on the pathophysiologic effects of treatment and eventual drug resistance. Thus, interpretation of the biomarker data in the current study is limited by the small sample size in the subgroups, limited tissue availability and use of tissue from different sources. Consistent collection of uniform tissue and blood from all patients would provide more robust correlative outcome assessments. Internal data show MET expression by IHC becomes less visible in slides cut over 6 months from the analysis. In addition, a centralized, strict and uniform interpretation of IHC results and the use of validated antibodies, as done in this study, is critical for this technique to be of practical use. The encouraging results observed in patients with MET-High tumors who were treated with tivantinib in this and previous trials [42] [43] [44] support patient selection and suggest that future studies should require tumor tissue as an enrollment criterion. Two ongoing phase 3 studies are following this approach in patients with advanced HCC: the METIV-HCC (NCT01755767) and JET-HCC (NCT02029157) studies.
Additional data are necessary to define the clinical benefit of MET inhibition in patients with mCRC and may be provided by ongoing studies. A phase 1/2 study is currently evaluating tivantinib in combination with FOLFOX in patients with advanced solid tumors (NCT01611857). 58 A phase 2 study of tivantinib monotherapy is currently enrolling patients with MET-High, KRAS wild-type mCRC previously treated with cetuximab or panitumumab (NCT01892527). 59 Fresh tumor biopsy tissue for biomarker analysis will be collected to study pathophysiologic changes after treatment.
In conclusion, adding tivantinib to CETIRI did not significantly improve PFS or OS in patients with previously treated, KRAS wild-type mCRC. Nevertheless, given the promising results observed in the exploratory subgroup analyses, especially in the MET-High subgroup, and supporting data from other studies, MET inhibitors warrant further study in selected patients with mCRC.
